 Primary succession models focus on aboveground vascular plants. However, the 13 prevalence of mosses and lichens, i.e. cryptogams, suggests they play a role in soil 14 successions. Here, we explore whether effects of cryptogams on belowground 15 microbes can facilitate progressive shifts in sand dune succession. 16  We linked aboveground vegetation, belowground bacterial and fungal community, 17 and soil chemistry in six successional stages in Arctic inland sand dunes: bare sand, 18 grass, moss, lichen, ericoid heath and mountain birch forest. 19  Compared to the bare sand and grass stages, microbial biomass and the proportion of 20 fungi increased in the moss stage, and later stage microbial groups appeared despite 21 the absence of their host plants. The microbial communities of the lichen stage 22 resembled the communities in the vascular plant stages. Bacterial community 23 correlated better with soil chemistry than with vegetation, whereas the correlation of 24 fungi with vegetation increased with vascular vegetation. 25  Distinct bacterial and fungal patterns of biomass, richness, and plant-microbe 26 interaction showed that the aboveground vegetation change structured the bacterial 27 and fungal community differently. The nonalignment of aboveground vs. 28 belowground changes suggests that cryptogams can drive succession towards vascular 29 plant dominance through microbially mediated facilitation in eroded Arctic soil. 30 31
Introduction 34
Development of vegetation on bare land and the sequence of vegetative stages that 35 predictably follow each other have been described in several theories of succession (Egler, 36 1954 ; Wilson et al., 1992) . According to widely accepted views, primary succession is 37 influenced by site abiotic conditions (climate, soil parent material, topography) and biotic 38 factors (plant species pool present, order of arrival, species interactions). Although focusing 39 on plants, most models of terrestrial primary succession overlook bryophyte communities 40 (e.g. Connell and Slatyer, 1977; Baker and Walford, 1995) , whereas most reports of primary 41 succession include moss and lichen dominated stages (Chapin et al., 1994; Lichter, 1998; 42 Hodkinson et al., 2003; Jones and Henry, 2003) . 43 44 Ecosystem succession includes stochastic elements for instance through priority effects and, 45 on the other hand, deterministic influences such as competition and facilitation (Måren et al., 46 2018 ). Cryptogams, here mosses and lichens, may have diverse but unexplored competitive 47 and facilitative effects on the development of vascular plant and belowground microbial 48 communities. Firstly, dispersal of cryptogams by spores minimizes dispersal limitation -a 49 feature classically included in models explaining succession of vascular plant communities 50 (Makoto and Wilson, 2019) . The rapid arrival of mosses warrants them a priority effect in 51 establishing plant communities. Secondly, although mosses and lichens lack roots and root-52 mediated effects on microbial communities, they affect soil temperature, moisture, and 53 carbon and nitrogen availability, which may promote or inhibit vascular vegetation (Van der 54 Wal and Brooker, 2004; Gornall et al., 2007; Cornelissen et al., 2007; Gornall et al., 2011) . 55
Moss rhizoids and litter provide carbon to the belowground soil (Bowden, 1991) , and mosses 56 can release carbon also in drying and wetting cycles (Wilson and Coxon, 1999) . Many 57 lichens characteristic of primary succession fix atmospheric nitrogen in specific structures 58 called cephalodia (Vitousek, 1994) , whereas moss leaves are a habitat of N2-fixing bacteria 59 (DeLuca et al., 2002; Arróniz-Crespo et al., 2014) . Thirdly, mosses and lichens produce 60 unique secondary metabolites that may have adverse effects on vascular plants and beneficial 61 or adverse effects on microbes (Cornelissen et al., 2007; Xie and Lou, 2009) . 62
Despite the fact that microbes are the first colonizers of any barren surface and modify soil 64 chemistry during succession, there are only few models predicting successional trajectories of 65 bacteria and fungi (Jackson, 2003; Fierer et al., 2010 Dini-Andreote et al., 2015 Tripathi et 66 al., 2018; Ortiz-Álvarez et al., 2018) . Belowground microbial community shifts in early 67 succession are considered to be driven by soil chemistry, external resources and dispersal of 68 microbes, and in later stages by biotic factors, such as establishment and changes in the 69 vegetation (Brown and Jumpponen, 2014; Jiang et al., 2018) . Bacterial versus fungal 70 communities can be expected to show distinct trajectories in primary succession: Bacteria are 71 smaller and believed to disperse easier than fungi, which may lead to more deterministic 72 community assembly for bacteria (Schmidt et al., 2014; Powell et al., 2015) and higher 73 influence of priority effects and stochastic effects for fungi (Brown and Jumpponen, 2014; 74 Schmidt et al., 2014; Jiang et al., 2018) . Further, the physiological diversity in bacteria 75 enables some of them to survive as autotrophs in bare oligotrophic soils of early successional 76 stages in the absence of plants fixing carbon (Nemergut et al., 2007; Schmidt et al., 2008; 77 Duc et al., 2009 ). Fungi in these habitats depend on already fixed carbon and nitrogen from 78 wind-blown, ancient, or microbially fixed sources (Schmidt et al., 2014) . The critical shift to 79 an ecosystem based on the biomass production by the resident plants is associated with 80 changes in the microbial community (Bardgett and Walker, 2004; Edwards et al., 2006 ; 81 Blaalid et al., 2012; Knelman et al., 2012) . Along succession, the fungi to bacteria ratio 82 generally increases as soil organic matter increases and pH decreases (Pennanen et al., 2001; 83 Tscherko et al., 2004; Bardgett and Walker, 2004) . These results do not, however, fully 84 predict vegetation development in succession. We suggest that belowground changes 85 associated with cryptogams are a key factor in the ecosystem shift from early to late 86 succession. We link belowground community development with that aboveground and expect 87 the interaction strength to vary and that the community changes do not take place in complete 88 synchrony as is inferred in facilitation models (Brooker et al., 2008) . 89 90 Ecosystems are declining due to soil erosion and loss of vegetation cover (Montgomery, 91 2007; Vanwalleghem et al., 2017) , and it is critical to identify the key factors promoting 92 shifts between non-vegetated and vegetated stages in succession. Identifying microbial and 93 plant communities that signal for the shift from autotrophic to mainly heterotrophic microbial 94 biomass production can help identify factors that drive the shift back to vascular plant cover, 95 soil stabilization, and a productive ecosystem. One example of areas where vegetation has 96 been lost due to environmental changes and lack of recovery are Arctic inland sand dunes. 97
The dunes have formed from wind-blown sand after the last ice age (Koster, 1988) . Plants 98 colonized the dunes later on, but today large areas lack vascular plant cover. Forest fires, 99 insect outbreaks, and overgrazing may have caused the ecosystem degradation (Seppälä, 100 1995) . In our study site in Northern Finland, wind erosion has carved deflation basins into the 101 dunes. Inside the basin, primary succession vegetation stages have developed, and dune 102 slopes surrounding the basins are covered by mountain birch forest, the climax stage in the 103 present climate. Eroding inland sand dunes provide an excellent opportunity to study primary 104 succession due to the mosaic of closely situated successional stages within deflation basin, 105
including moss-and lichen-dominated areas. In temperate inland dunes, the cryptogam stages 106 have been identified as pioneer vegetation stages of the succession (Sparrius et al., 2012) . 107
Previous work comparing the start and end points of the Arctic inland dune succession 108
proposed that bacteria and fungi may show distinct successional patterns (Poosakkannu et al., 109 2017) . The role of the cryptogam stages as part of successional trajectories above-and 110 belowground has not been elucidated, although the prevalence of lichens and mosses suggests 111 they are important. 112
113
In this study, we explored whether the belowground and aboveground community changes 114 take place in synchrony in Arctic inland sand dune succession. We hypothesized that, 115 compared to bare soil, the cryptogam-covered stages contain belowground soil microbial 116 community more similar to the stages covered by vascular plants. Such nonalignment of 117 belowground vs. aboveground communities could indicate that the cryptogam stages drive 118 succession towards vascular plant dominance through microbially mediated facilitation. 119
Secondly, we compared the belowground responses of two microbial groups -bacteria and 120 fungi -to successional stages defined by aboveground vegetation. We hypothesized that i) in 121 comparison to fungi, bacteria would be more influenced by cryptogam-associated changes in 122 the soil chemical environment because of their limited saprophytic capacity and potential 123 autotrophy, and ii) as powerful and obligate decomposers, fungal community would respond 124 particularly to the appearance of vascular vegetation and consequently organic matter The study site is located in an inland aeolian (i.e. wind-deposited) dune area in Northern 134
Fennoscandia (68° 29′ 16″ N, 24° 42′ 13″ E). The 1981-2000 average annual temperature in 135 the region was -1.3 °C, with extreme air temperatures between +30 °C and -52 °C and the 136 average annual precipitation 550 mm (Pirinen et al., 2012) . We defined six successional 137 stages in the dunes based on vegetation ( Fig. 1a ). Although the soil in all the stages was 138 aeolian sand, in three stages the largest part of the surface was mostly exposed sand (92-100 139 % sand), while in the other three stages vegetation covered the sand (0-52 % sand). The sand- We sampled soil in each successional stage in four of the basins in July 2011. To take into 158 account that plants and microbes vary at different spatial scales, the soil samples were 159 collected in triplicate. The samples were taken from the depth of 0-10 cm with a 12.5 cm × 160 12.5 cm soil corer (72 samples in total: six successional stages × four basins × three soil cores 161 per 1×1 m study plot). Soil was sieved with a 4-mm sieve and frozen at -20C. 162 163 Soil chemistry and temperature 164
Total C and N of soil organic matter, soil P, Ca, K, Na, Fe, Mn, Al, and Mg contents, and pH 165 were measured as detailed in Methods S1. Soil temperature at the 10 cm depth was recorded 166 every two hours with Hobo Temp External H08-002-02 loggers coupled with TMC6-HD soil 167 temperature sensor during 2009-2015. We defined maximum temperature as the average 168 temperature of the warmest month (July) and the minimum temperature as the average of the 169 two coldest months (January and February). The increasing aboveground vegetation cover from bare sand to mountain birch forest was 321 mirrored belowground in increasing soil OM content and decreasing pH ( Fig. 1; Pearson  322 correlation r=-0.78, p< 0.001). Organic matter content was low in the sand, grass, and moss 323 stage soils (0.4±0.2%, mean±SD) but increased to 0.9±0.3% in the lichen stage and up to 324 4.5% ± 1.7% in the forest stage ( Fig. 1b, Table S1 ). pH was highest in the grass stage (5.8 ± 325 0.2) and lowest in the forest stage (4.7 ± 0.1) (Fig. 1c ). Soil contents of N, P, K, Ca, Mg, Fe 326 and S increased with increasing OM (Table S1) . 327 328 Microbial biomass measured as PLFAs per soil dry weight followed closely the OM-pH 329 gradient ( Fig. 1e, Fig. S1 ). The moss stage had similar OM content as bare sand, but its 330 microbial biomass was higher than in the other sandy stages. When related to soil OM, 331 microbial biomass in the moss stage reached a level similar to the lichen and vascular plant 332 stages (Fig. 1d) . Similarly, a shift to a higher proportion of fungal to bacterial biomass 333 occurred in the moss stage and was maintained during the later successional stages (Fig. 1f) . 334
Overall, the proportion of fungi was highest in the heath stage. 335 336 Microbial community structure 337
Bacterial and fungal community structure based on sequencing (Fig. 2) and PLFA (Fig. S2 ) 338 followed the order of the vegetation stages on the OM-pH gradient and differed with 339 successional stage (PERMANOVA bacteria r 2 =0.58 P<0.001, fungi r 2 =0.59 p<0.001). The moss stage grouped with the other sandy stages (sand, grass) with partly overlapping 341 communities, whereas the lichen stage grouped with the vascular plant stages (heath, forest) 342 ( Fig. 2a, 2c ). It should be noted that multivariate dispersion also differed between the 343 successional stages (betadisper p=0.007 bacteria, p=0.001 fungi). The highest bacterial OTU 344 richness ( Fig. 1g ) and Shannon diversity (Table S1) were detected in the heath stage, whereas 345 fungal richness and diversity were highest though very variable in bare sand (Fig. 1g , Table  346 S1). The soil parameter that best explained the community variation of bacteria and fungi was 347 the OM-pH gradient, especially in the vegetated stages (Table S2) . 348
349
To compare successional shifts in bacteria, fungi, vegetation, and soil chemistry, we 350 calculated distance measures from bare sand to the other successional stages (Fig. 3) . The 351 largest shift in bacterial and fungal community structure was detected from moss to lichen 352 stage ( Fig. 3) . Soil chemistry changed most markedly from heath to forest. Vegetation 353 showed increasingly larger shifts in later succession, with the largest shift from heath to 354 forest (Fig. 3) . To determine if the microbial communities correlated with vegetation and soil 355 chemistry, we carried out Procrustes analysis (Fig. S3 ). The bacterial community correlated 356 better with soil chemistry than vegetation (bacteria-vegetation r=0.71, bacteria-soil chemistry 357 r=0.80, p=0.001 for both). The fungal community correlated tighter with vegetation than with 358 soil chemistry (fungi-vegetation r=0.77, fungi-soil chemistry r=0.71, p=0.001 for both). 359
When the variation due to soil chemistry was partitioned out, correlation with vegetation 360 remained with lower correlation coefficients (bacteria-vegetation r=0.51, fungi-vegetation 361 r=0.52, both p=0.001). We then used the Procrustes residuals to compare the strength of the 362 relationship between the plant and microbial community along the succession. The strength 363 of the vegetation-bacteria correlation did not vary with successional stage (Fig. 4) . In 364 contrast, vegetation determined fungal community composition more strongly in the heath 365 stage than in the other stages ( Fig. 4 ) 366 367
Bacterial taxonomic distribution with succession 368
Overall, the most abundant bacterial phyla or classes were Alphaproteobacteria, 369 abundant phylum in the sandy and lichen stages (on average 4.6-8.1%), decreasing in the 372 heath (3.5%) and forest (0.9%) (Fig. 2b, Fig. S4 ). When related to microbial biomass, the 373 abundance of WD272 increased in the moss stage ( Fig. S5 ). WD272 showed abundant 374
indicator OTUs for the sandy stages but also less abundant forest-specific indicators (Fig. 5) . 375
Most indicator groups specific for the sandy stages were strongly associated with low OM 376 content (Cytophagales, Deinococcales, Acidobacteria subgroup 4, Pseudonocardiales 377 (Actinobacteria), Oligoflexales (Deltaproteobacteria), unclassified group 9) (Fig. 5) . 378
Cyanobacteria, three Chloroflexi groups and unclassified group 2 were indicators for the 379 moss and lichen stages and associated with both low OM and low pH. Another sign that the 380 moss stage was a key transition stage for bacterial community was that it showed unclassified 381 clusters typical to both sandy and vegetated stages (Fig. S6a ). Most indicator groups for the 382 forest stage were indicators also for the other vegetated stages. For example, Acidobacteria 383 subgroup 2 associated with low pH and subgroup 6 associated with high OM appeared in the 384 moss and lichen stages and had indicators also in the heath and forest stages (Fig. 6 ). The 385 overall abundance of Acidobacteria increased with decreasing pH (Pearson correlation r = -386 0.81, p<0.001). 387
Fungal taxonomic distribution with succession 389
The fungi at class level were dominated by Ascomycetes, followed by Basidiomycetes, 390 unclassified fungi, and smaller shares of Zygomycota, Rozellomycota, Chytridiomycota, and 391 Glomeromycota (Fig. 2d, Fig. S7 ). The most abundant Ascomycota class was Leotiomycetes, 392 followed by unclassified ascomycetes and Dothideomycetes. Bare sand had the highest 393 relative abundance of unclassified fungi up to 35% (Fig. 2d, Fig. S7 ), and several unclassified 394 clusters were specific to the sandy stages ( Fig. S6b ) and associated with high pH or low OM 395 ( Fig. 6 ). Other strong indicators of sandy stages included Helotiales and Thelebolales 396 (Leotiomycetes), and Polysporales and Boletales (Agaricomycetes). Lecanoromycetes, 397 containing lichenized fungi, was most abundant in the moss stage ( Fig. 2d ). Similarly to 398 bacteria, the fungal groups that were the best indicators of the moss and lichen stages were 399 associated with low OM and low pH or both, including Lecanoromycetes (Lecanorales, 400
Agyriales, Ostropomycetidae), Agaricomycetes (Cantharellales, Atheliales, Agaricales), and 401 (Leotiomycetes; also known as Rhizoscyphus ericae). This OTU was particularly dominant in 404 the heath (345% of reads). Its relative abundance was lowest in bare sand (21%) and the 405 grass stage (1214%), but in the moss and lichen stages it increased to 2616%. In the forest, 406 its relative abundance was lower than in the cryptogam-dominated stages (1714%). The dune sand is a harsh habitat with low carbon and nitrogen availability. The initial 424 microbial colonizers must be able to tolerate the oligotrophic conditions either by using the 425 low levels of allocthonous organic matter (Hodkinson et al., 2002) or as autotrophs 426 (Nemergut et al., 2007; Fierer et al., 2010) . Comparison of biomass per OM with biomass per 427 soil dry weight shows that the microbial biomass increased in the moss stage when OM 428 potentially available for heterotrophs still remained low. A characteristic group for the early 429 stages from bare sand to lichen was candidate phylum WD272, currently known as WPS-2 430 and recently named Candidatus Eremiobacterota, 'desert bacterial phylum', which are 431 proposed to be autotrophs able to use atmospheric H2 and carbon monoxide (CO) as energy 432 sources (Ji et al., 2017; Holland-Moritz et al., 2018) . Another potential H2-and CO-Ktedonobacteria (King and King, 2014; Islam et al., 2019) . The increased occurrence of 435 WD272 and Chloroflexi in the moss and lichen stages suggests that they may form a basis of 436 biomass accumulation in the Arctic sand dune succession. These microbes may therefore 437 facilitate development of cryptogam cover and heterotrophic microbial community (Connell 438 and Slatyer, 1977; Brooker et al., 2008) . 439 440 Many moss stage microbial groups that were rare or absent in the earlier sandy stages are 441 linked to biological soil crusts. Biocrusts are consortia of microbes, mosses, and lichens that 442 are recognized as the major stabilizing factor in early successional soils worldwide (Weber et 443 al., 2016) . The rhizoids of Polytrichum mosses themselves stabilize soil, facilitate N2 444 fixation, and provide OM to the soil (Bowden, 1991) . The moss stage showed the highest 445 proportion of Cyanobacteria, known as N2-fixing early colonizers and components of 446 biocrusts. Another distinctive indicator for the cryptogam stages were Chloroflexi, which in 447 dryland and grassland ecosystems occur in moss and lichen biocrusts and in sub-crust soil 448 (Kuske et al., 2012; Navarro-Noya et al., 2014; Maier et al., 2018) . In a temperate inland 449 dune succession, a thick P. piliferum cover increased microbial biomass compared to bare 450 sand (Sparrius and Kooijman, 2013) . In our ecosystem, P. piliferum biomass was small in the 451 moss stage but nonetheless affected the microbial biomass and communities. Therefore P. 452 piliferum appeared to have a disproportionate effect on the ecosystem level, suggesting it is a 453 keystone plant species in Arctic sand dunes. The mechanism could be soil stabilization by 454 rhizoids and moss-associated, soil crust-forming microbes. Traditionally, grasses are credited 455 with the initial physical stabilization of sand in dune succession (e.g. Olson, 1958; Ellenberg, 456 2009 ). Inspecting the soil microbial community structure, it seems that in these Arctic dunes 457 the grass Deschampsia flexuosa may not drive ecosystem succession. Based on our results, 458 we propose that P. piliferum could participate in the physical stabilization of Arctic inland 459 dunes and direct succession towards vascular vegetation. Verifying this proposition requires 460 further studies on P. piliferum with emphasis on the role of rhizoids. 461 462 Indicative of nonaligned belowground vs. aboveground succession, lichen-forming fungi 463 (Lecanoromycetes, Ascomycetes) were detected in the moss stage soil before the succession 464 stage where they formed lichens. Furthermore, the relative abundance of the dominant fungal stages. We interpret this increase as a possible sign of fungal community shift at the moss 467 stage towards a status where vascular plant establishment is possible. Pezoloma ericae forms 468 mycorrhiza with ericoid plants such as the dominant heath species Empetrum nigrum (Read, 469 1991; Smith and Read, 2008) . However, no known host plants of P. ericae were detected in 470 the moss stage. In addition to ericoid mycorrhiza, P. ericae forms mycorrhiza-like 471 associations in liverwort rhizoids (Pressel et al., 2010; Kowal et al., 2018) , and it has been 472 found as an Antarctic moss endophyte (Zhang et al., 2013) . However, no liverworts were 473 visible among the moss at our site, and no association of P. ericae with Polytrichum rhizoids 474 is known. (Tscherko et al., 2004; Edwards et al., 2006; Miniaci et al., 2007) . The high 500 fungal richness in the bare sand together with the low fungal biomass, however, is 501 unpredicted by theories that species richness should increase with the increase in resources 502 and environmental heterogeneity (Stein et al., 2014; Cline et al., 2018) . Some of the fungal 503 richness in bare soil may represent dormant fungi, spores or hostless biotrophic fungi 504 (Jumpponen, 2003; Rime et al., 2015) . On the other hand, our observation that the 505 unclassified fungi can be grouped into class level clusters that occurred consistently in 506 replicate samples and across the sandy successional stages also hints that the fungal 507 community in bare sand may be in one way or other selected or specialized. 508
509
The high bacterial richness in the heath coincided with the highest fungal biomass and 510 highest occurrence of P. ericae, presumably forming mycorrhizae with the dominant ericoid 511 plant E. nigrum. We suppose that the high bacterial richness is promoted by resources and 512 niches provided by fungal mycelium and Empetrum litter, despite its high phenolic content 513 and proposed adverse properties on microbial activity (Wardle et al., 1998; Gallet et al., 514 1999) . In the forest, where the highest microbial richness would be expected if richness 515 correlated positively with OM, plant species richness, and productivity, bacterial diversity 516 was lower than in the heath, possibly due to the environmental filtering effect of the low pH 517 in the forest soil (Tripathi et al., 2018) . The varied responses of bacterial and fungal richness 518 and diversity to primary succession highlight the need to cover successional gradients with 519 different parent material, vegetation and soil chemistry to understand microbial community 520 patterns along succession. 521 522 Effects of soil chemistry on microbial communities can override biotic factors such as plant 523 richness (Chen et al., 2016; Jiang et al., 2018) , and the role of vegetation is emphasized in 524 successional gradients where soil chemistry does not change markedly (Knelman et al., 2012; 525 Cutler et al., 2014) . Soil chemistry, vegetation and microbes are strongly intertwined in 526 succession, and the present gradient from bare sand to mountain birch forest represents the 527 common pattern where organic matter increases and the soil acidifies with increasing plant 528 cover (Odum, 1969; Merilä et al., 2010) . However, the largest microbial community shifts 529 did not align with the largest shifts in soil chemistry or vegetation. No measured soil 530 chemistry variable changed in parallel with the large bacterial community shift between moss 531 and lichen stages. Both cryptogam stages showed indicator microbial groups associated with 532 low OM and low pH. These results suggest that the microbial shift from moss to lichen stage 533 is due to unmeasured effects of the lichen crust formation. Such factors could be better long-534 term moisture retention by the lichen crust than the sparse mosses in the moss stage OTUs, number of indicator OTUs; rel. abund., relative abundance; OM, organic matter, minT, minimum soil temperature.
